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PHOTni YTIC OXYGENATOR WITH CARBON 
DlOXiPg AMD/OR HYDROfSFM j^f=PARfr'^iOM AM" ^'XAT'OKL 

This application claims priority to and extends the teachings and 
disclosures of the following applications: Provisional Application Serial No. 
60/358,448 for Development of Photolytic Pulmonary Gas Exchange, Bruce 
Monzyk, et al., filed February 20, 2002; Provisional Application Serial No. 
5 60/388,977 for Photolytic Artificial Lung, Bruce Monzyk et al., filed June 14, 
2002; Provisional Application Serial No. 60/393,049 for Photolytic Oxygenator 
with Carbon Dioxide Fixation and Separation, Bruce IVIonzyk, et al., filed 
June 20, 2002; and PCT Application No. PCT/US02/24277 for Photolytic 
Oxygenator with Carbon Dioxide Fixation and Separation, Bruce Monzyk et al., 
10 filed August 1, 2002; and Provisional Application Serial No. 60/404,978 for 
Photolytic Oxygenator with Carbon Dioxide and/or Hydrogen Separation and 
Fixation, Bruce Monzyk et al., filed August 21 , 2002. 

FIELD OF THE INVENTION / C 

15 

The present invention is directed to a photolytically driven electrochemical 
("PDEC") oxygenator and carbon dioxide and/or hydrogen separator that uses 
light energy to achieve gas exchange in various media. The separated carbon 
dioxide and/or hydrogen is then removed or preferably reacted with and/or 

20 captured by a substrate for subsequent removal and/or storage. The invention 
finds particular application In providing a proper physiological gas environment 
for humans, animals and microorganisms. It is also to be appreciated that the 
invention finds further particular applications In confined space areas such as 
the crew or cabin space of a submarine, space station, interplanetary vehicle, 

25 extraterrestrial vehicle, subterranean mine, firefighting situations, chemical 
exposure, biological warfare, caves or tunnels, or other confined living areas. 

BACKGROUND OF THE INVENTION 



30 



Oxygen depletion in confined spaces has always been a problem. 
Human beings need a constant supply of oxygen and the concomitant removal 
of carbon dioxide to live and function. When humans, microorganisms or other 
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animals are in confined spaces where the flow of gases from the atmosphere is 
impeded, the aforementioned supply of oxygen and the removal of carbon 
dioxide and/or hydrogen are critical to maintaining a proper physiological 
environment 

5 Known methods for providing oxygen generation and/or carbon dioxide 

removal include the electrolytic production of oxygen using KOH in water. While 
hydrogen and oxygen are produced, the simultaneous production of hydrogen 
results in problems concerning its safe capture, storage and disposal. This is 
particularly true in confined spaces such as in submarines where only a limited 

10 supply of hydrogen gas can be safely stored. Additionally, venting of hydrogen 
gas into the outside ocean waters creates further difficulties concerning noise 
and detection issues. 

An organic amine liquid carbon dioxide process has also been used to 
capture carbon dioxide which is complicated to operate and is sensitive to 

15 motion. Moreover, on an emergency basis, lithium chlorate candles have been 
used to produce oxygen and lithium hydroxide powder to absorb carbon dioxide. 
These are hazardous materials and to be used under duress is very 
undesirable. These devices and processes for providing oxygen and removing 
carbon dioxide are briefly described below: 

20 

• Chlorate Candles - These are heated to cause the decomposition of the 
chlorate into oxygen gas and salt In this operation the high heat required 
and sudden release of large amounts of pure oxygen gas are highly 
hazardous and limits the usefulness of this technology. 

25 • Potassium Hydroxide (KOH) Electrolysis - This technology is also 
hazardous as it emits explosive mixtures of O2 and H2 gases, and since 
KOH is strongly caustic and corrosive. 

• Lithium Hydroxide (LiOH) is used for CO2 capture. However, this 
material is hazardous due to it being a caustic fine powder. It is spread 

30 over the floor to generate a high surface area whereupon it leads to 

possible contact and/or ingestion by the crew causing illness and 
potential lung damage. 
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• CO2 is also removed by large devices using liquid organic amines. These 
units are complicated processes and so are difficult to control. They also 
require large amounts of space, are heavy and sensitive to motion. 

5 In addition, the first and third of the above listed technologies are "once 

use" technologies and so are spent after one use. 

Therefore, a need exists for new technology and approaches that have 
the potential to provide long term life support in confined environments. Such 
approaches and technologies shall include not only oxygen generation, but also 
10 to the removal and/or capture of carbon dioxide and/or hydrogen. 

SUMMARY OF THE INVENTION 

The enclosed invention uses photolytic energy to drive the production of 
15 oxygen (O2) gas and electrochemical fixation of carbon dioxide (CO2) gas as a 
means to rejuvenate used, "stale" air, i.e. air low in oxygen and/or rich in carbon 
dioxide relative to atmospheric breathing air. The present invention produces 
breathable air for humans, animals, and aerobic or facultative aerobic 
microorganisms. In another embodiment, the present invention relates to the 
20 fixation of hydrogen gas generated during the O2 gas production into storable or 
useful products. 

More particularly, the present invention relates to a photolytically driven 
electrochemical (PDEC) oxygenation and carbon dioxide and/or hydrogen 
removal apparatus. The apparatus includes a photo-electro chemical cell 

25 ("photolytic cell" or "photolytic module") that, in part, operates similar to the 
photosynthesis process that takes place in green plants. In the anode 
compartment, the apparatus utilizes the photolytic cell instead of electrical wiring 
to convert light energy in order to simultaneously generate oxygen and low 
voltage internal electrical energy. The photolytic cell also removes carbon 

30 dioxide from the environment and converts it to a carbonate solid in the cathode 
compartment and/or fixed as an organic compound. One or more photolytic 
cells can be included in the apparatus of the present invention depending on the 
quantity, quality, etc. of desired gas exchange. These units can be collected in 
one area, or dispersed to provide multiple independent breathing air 

35 maintenance units, including portable units. 
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In a further embodiment, the present invention relates to a process for 
collecting, venting, storing or converting hydrogen gas produced during the 
oxygen generation process. As mentioned above, the PDEC technology 
provides dissolved oxygen ("DO") production at the photo anode. The electrons 
5 (e-) and hydrogen ions (H"*") released when dissolved oxygen (DO) is formed can 
be combined at the cathode to form hydrogen (H2) gas. This H2 can be 
collected and used to fuel a fuel cell, or can be safely vented to the atmosphere, 
e.g. via degassing tubing. However, in certain instances it is found desirable, 
and is a part of the herein described invention, that these e- and H* ions can be 

10 used to further enhance the technology by using them to produce additional 
useful product(s). When these products are non-gaseous, then the technology 
can be used to avoid the generation of H2(g), which is a safety and/or stealth 
issue in certain applications, for example in maintaining the breathing 
atmosphere in submarines. 

15 The light energy utilized in the present Invention is ultraviolet ("UV") light 

or visible light, with the laser form being the most preferred. However, the light 
energy can also be broad-band, received by the way of a "light pipe" fiber optic 
cable and/or by the way of an attenuated total reflectance (ATR) link. 

In the apparatus of one preferred embodiment of the invention, dissolved 

20 oxygen (DO) is generated in the anode compartment from an aqueous solution 
by means of the light dependent chemical reactions, photolysis and 
disproportionation. This is followed by the removal or clearing of carbon dioxide 
in the cathode compartment by the formation of higher carbon compositions 
such as hexose sugar, carboxylic acids, aldehydes, alcohols, etc. Additionally, 

25 hydrogen can also be removed or cleared from the cathode compartment by 
reacting the hydrogen ions and electrons produced during the oxygen 
generation process with various substrates to produce additional useful 
products. 

In this regard, photolysis is the initiation of a chemical reaction that results 
30 from the absorbance of one or more quanta of radiation. Here, water from an 
aqueous solution is converted into oxygen by a light-activated catalyst, such as 
a semiconducting metal oxide. The metal oxide is utilized as a photo-absorbent 
material or a photo-absorption element. It is photolytically irradiated to form, 
from water, hydrogen ions, hydrogen peroxide or other forms of oxygen gas 
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precursor (active oxygen, "AO") and electrons by the absorption of one or more 
quanta of electromagnetic radiation. The free electrons generated are then 
electrically conducted away to avoid reversal of the reaction and optionally 
utilized to drive various electrical devices, such as a pump. Additionally, the free 
5 electrons can be utilized to fix or convert the carbon dioxide and/or hydrogen 
also generated by the process into other products. 

For example, it has been found that active oxygen can be generated in a 
further embodiment of the present invention by the use of the anatase form of 
titania {Ti02(a)) as the light absorbent material in the anode compartment. The 

10 photo energy of light, such as ultraviolet laser light (about 350 nm), selectively 
excites Ti02 semiconductor transition (about 350-390 nm band, or about 3.1 eV) 
with minimal material radiation or transmission. The ultraviolet energy produces 
charge separation in the anatase form of Ti02, which then produces active 
oxygen (AO) and free electrons. The free electrons are then subsequently 

15 electrically conducted away due to the semi-conducting property of the anatase. 
Alternatively, other suitable light absorbent materials can also be utilized In the 
present invention at various wavelengths provided that the energy is sufficient to 
produce active oxygen. 

Moreover, the active oxygen produced during photolysis can be 

20 converted by means of manganese dioxide (MnOa), or other disproportionation 
catalytic agents and/or processes, into dissolved oxygen (DO) and water. 

Additionally, in the present invention, carbon dioxide can also be removed 
from the environment by the means of a series of carbon molecule building 
reactions. These reactions occur in the cathode compartment of the apparatus 

25 to produce removable and/or recyclable carbonate solids. 

Similarly, hydrogen ions generated during the dissolved oxygen 
production can be reacted to produced, removable and/or recyclable hydrogen 
containing solids. In this regard, an electrochemically reducible compound is 
added to absorb the hydrogen ions and electrons to produce useful, or at least 

30 easily disposable (environmentally neutral), compounds. The preferred 
compounds in this role are also safe enough to be used in confined 
environment, and have a large capacity for hydrogen ions. 

Consequently, the apparatus of the present invention produces oxygen 
directly from an aqueous solution. At the same time, the apparatus also utilizes 
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the hydrogen ions and electrons produced from the aqueous solution to remove 
the carbon dioxide and/or hydrogen to produce a carbon or hydrogen containing 
solid or organic compound such as sugars, carboxylic acids, aldehydes or 
alcohols. 

5 A brief description of the pertinent reactions involved In the embodiment 

of the present invention utilizing anatase, for example, as the light absorbent 
material (i.e. as the photolytic catalyst and MnOa as the disproportionation 
catalyst) is provided below: 

10 Photolysis: 

2H2O + hv ) "HgOz" + 2H* + 2e" 

where H2O2 is used to Illustrate "active oxygen" intermediate. 

. 15 

Disproportionation: 

"HzOz" ^"^'^^^ > yaOz (DO) + H2O 

20 DO = dissolved oxygen, which is readily converted to gaseous oxygen, 02(g), for 
breathable air maintenance applications. 

The above information shows the general chemical reactions involved in 
the anode compartment of the photolytic cell to produce dissolved oxygen. 

25 Subsequent to this production, the electrons are conducted away, and the 
dissolved oxygen diffuses from the film surface to be collected and/or channeled 
to a confined environment. 

Additionally, the hydrogen Ions generated flow from the anode 
compartment to the cathode compartment. There they react with carbon dioxide 

30 and/or other compositions to forni higher carbon materials, etc. 

In a further aspect, the present invention is also directed to a photolytic 
cell. The photolytic cell Includes a transparent substrate or window. An anode 
(such as a metal film) is adjacent to the transparent window. A photolytic 
coating containing a light-activated catalyst and a disproportionation catalyst 

35 abuts the anode. An anolyte cell flow through area is adjacent to the light 
activated catalyst. An optional cation exchange membrane borders the anolyte 
cell flow through area. A catholyte cell flow area abuts the cation exchange 
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membrane. A cathode is present adjacent to the catholyte and is connected to 
the anode. 

In an additional aspect, the present invention is further directed to a 
method for delivering oxygen to an enclosed or restricted environment The 
5 method comprises moving an aqueous solution, such as an electrolyte solution, 
into a photolytic cell wherein light is utilized by a light-activated catalyst to 
produce oxygen from water and moving the oxygen generated out of the 
photolytic cell into the enclosed environment. The free hydrogen Ions generated 
by this process can be optionally utilized to convert carbon dioxide or other 

10 substrates to carbonate compositions and/or additional useful products. 

In a further aspect, the present invention relates to the direct photolytic 
conversion of water to liquid phase oxygen (dissolved oxygen), with 
commensurate clearance of carbon dioxide and hydrogen. A test flow cell is 
provided comprising a conductive coating of vacuum-deposited titanium (Ti) 

15 metal, adherent Ti02 (anatase), and MnOa, applied as a laminant to a glass 
substrate. Long wavelength (low energy) UV laser light, directed to the 
transparent glass substrate, reproducibly resulted in the generation of H2O2, an 
active form of oxygen (active oxygen), which was subsequently converted, by 
the catalytic action of MnOa, to dissolved oxygen. Oxygen gas is then extracted 

20 from the dissolved oxygen through an oxygen gas separator and collected or 
channeled to a closed or constricted living environment. Additionally, carbon 
dioxide present in the closed or constricted living environment is removed by 
reacting the carbon dioxide with other carbon sources and catalysts to form 
carbonate solids. The hydrogen form during the oxygenation process can also 

25 be utilized to produce easily disposable and useful compounds. Based on these 
results and others, the photolytic cell or module may be used, employing 
multiple parallel photolytic surfaces to improve O2 yield and CO2 and hydrogen 
clearance. 

These and other objects and features of the invention will be apparent 
30 from the descriptions set forth below. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will become more fully understood from the 
detailed description given below, the claims and the accompanying drawings. 
5 The description and drawings are given by the way of illustration only, and thus 
do not limit the present invention. 

Figure 1 shows a schematic view of an embodiment of the photolytic cell 
that can be utilized in the present invention. 

Figure 2 is a schematic of a generalized embodiment of the invention 
10 wherein an alpha-keto pentose source is used to remove carbon dioxide. 

Figure 3 is a schematic of another embodiment of the Invention wherein 
carbon dioxide and a pentose are used to prepare a C3 carbon based 
intermediary for carbon dioxide removal. 

Figure 4 is a schematic of another embodiment of the invention showing 
IS details of a rubisco-catalyzed reaction used to prepare a C3 carbon intermediary 
for carbon dioxide removal. 

Figure 5 is a schematic of a more detailed embodiment of the invention 
showing the rubisco catalyzed reaction and the chemical steps in greater detail. 

Figure 6 is a schematic of another embodiment of the invention wherein 
20 the carbon dioxide is reacted with the pentose directly in the PDEC cell. 

Figure 7 is a graphic illustration demonstrating the use of a PDEC 
apparatus for providing oxygen in a confined environment. 

Figure 8 is a graphic illustration showing the use of the PDEC apparatus 
for producing oxygen and removing carbon dioxide in a confined environment to 
25 produce a carbonate solid. 

Figure 9 is a graphic illustration demonstrating oxygen production and 
carbon dioxide removal by the production of Cq compositions from two C3 
intermediaries or a C5 compound and carbon dioxide. 

Figures 10A and 10B are illustrations of the geometries of two 
30 microfabrication structures of the present invention. 

Figures 11A - 11C are illustrations of examples of potential 
nanopatterned surfaces utilized in the devices of the present invention. 

Figure 12 is an illustration of a potential 3-D mesh structure utilized in the 
devices of the present invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

Oxygen is essential to the respiration of animal life. The function of 
respiration is to provide the energy needed by body cells. Cells obtain this 
5 energy mainly by metabolizing glucose with oxygen, so they require a constant 
supply of oxygen. In addition, the waste products of the metabolic process - 
mainly carbon dioxide - must be carried away from the cells. 

Respiration includes the breathing of air into the lungs, the transfer of 
oxygen from the air to the blood, the transport of oxygen in the blood to the body 

10 cells, the metabolisms of glucose with oxygen in the cells, and the transport of 
carbon dioxide to the lungs to be breathed out. 

The present invention is directed to the process of providing oxygen and 
removing carbon dioxide from confined space areas. More particularly, the 
present invention is directed to a photolytically driven electrochemical (PDEC) 

15 oxygenator and carbon dioxide and/or hydrogen removal apparatus. The 
apparatus may be used for controlling the environment in a closed or restricted 
volume in order to make the volume habitable to humans, animals and aerobic 
microorganisms. The apparatus achieves a gas balance typical for that required 
by the humans, animals or aerobic microorganisms in at least part of the 

20 enclosed volume or confined living space. 

The photolytically driven electrochemical (PDEC) oxygenator and carbon 
dioxide and hydrogen removal apparatus includes a photo-electrochemical cell 
(or photolytic cell) that in part operates similar to the photosynthesis process that 
takes place in green plants. The photolytic oxygenator apparatus utilizes the 

25 photolytic energy to drive oxygen generation from water. The oxygen is then 
released to the confined volume. The photolytic cell also converts carbon 
dioxide to a higher carbon compound, such as a C© sugar-type compound, that 
can be stored as a solid, gel or liquid, which then fixes the CO2 thereby 
removing it from the confined space. This higher carbon compound can 

30 optionally be recycled in the form of a food or energy source. Other fixed CO2 
organic and inorganic compounds can be formed as well. 

Additionally, the present invention is directed to the removal of hydrogen 
which accumulates during the oxygen generation process in the PDEC 
apparatus. As described previously, the PDEC technology provides dissolved 
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oxygen (DO) production at the photo anode. The electrons (e-) and hydrogen 
ions (H*) released when DO is formed can be combined at the cathode to fonm 
H2 (gas). This H2 can be collected and used to fuel a fuel cell, or safely vented 
to the atmosphere. Moreover, in certain instances it is found desirable that 
5 these e- and H* ions can be used to further enhance the technology by using 
them to produce additional useful product(s). For example, an eJectrochemically 
reducible compound can be added to absorb the hydrogen ions and electrons to 
produce useful, or at least easily disposable compounds. The preferred 
compounds are not only safe enough to be used in confined environments, they 

10 also have a large capacity for hydrogen ions and electrons. 

In the PDEC apparatus of the present invention, oxygen is produced in 
the anode side of the PDEC apparatus. The oxygen produced at the anode side 
of the photolytjc oxygenator apparatus is typically produced in an aqueous 
electrolyte solution such as a brine, seawater, etc. The oxygenated liquid so 

15 formed then flows out of the photolytjc oxygenator apparatus. It is degassed 
and the oxygen gas is sent back to the closed or restricted volume area for 
breathing by humans, animals or aerobic microorganisms. 

The carbon dioxide is removed by the cathode side of the PDEC 
apparatus of the present invention. Gas containing carbon dioxide from the 

20 enclosed volume is reacted with an aqueous liquid at pH > 4, and preferably > 6, 
to extract carbon dioxide into the liquid so that it can be fixed by formation of 
organic acids or organic acid salts, for example, glycerate or sugar acid, etc., 
which is transported and treated in the cathode portion (or cathode 
compartment) of the photolytic cell to form a solid or syrup, for example a sugar- 

25 like compound. 

They hydrogen is also removed from the cathode side of the PDEC 
apparatus. As discussed more particularly below, they hydrogen is reacted with 
various substrates, including various carbon compounds referenced above, in 
order to fix the hydrogen into easily removable and useful compounds. 

30 In an additional embodiment, the present invention is directed to the use 

of a photolytic cell as a novel respiratory assist device and process. The 
apparatus of the invention Includes one or more photolytic cells having 
photochemically active material and associated components for the production 
of oxygen, the removal of carbon dioxide and hydrogen, and the co-production 
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of electrical power. The electrical power can be used to produce additional 
chemical changes or reactions. Optionally, the invention may include a 
photolytic chamber to house or hold a sufficient number of stacked or 
assembled photolytic cells to perform the rate of gas exchange desired. 
5 In a further embodiment of the present invention, a semi-conducting 

metal oxide is used as the photo-absorption element. This semi-conducting 
metal oxide is the anatase form of titania, or Ti02 , Photolysis of this oxide 
results in the generation of active oxygen, in a manner, which is considerably 
more long lasting than photosynthetic pigments (Le. the chlorophifes). 

10 Importantly, the light energy associated with activation by a 354 nm UV laser 
light selectively excites the TiOa semiconductor electronic transition (350-389 
nm band, or about 3.2 eV) with minimal wasted radiation or transmission. 
Special dopants and/or other metal oxides, such as WO3 and ZnO, can be used 
to adjust this wavelength, in order to reduce the energy requirement and even to 

15 allow activation within the range of visible light. UV energy produces charge 
separation in the anatase, which then produces active oxygen, hydrogen ions 
and free electrons, the latter being electrically conducted away. Diffusion layers 
are minimized through the use of electron conductance to and from the 
photolytic site by photolytic transparency over a large surface area and by 

20 electrochemical conduction. 

The active oxygen is then converted to dissolved oxygen through the use 
of a disproportionation catalyst such as MnOa. Importantly, this apparatus has 
the ability to efficiently generate both fluid phase oxygen (i.e. dissolved oxygen) 
and gas phase oxygen (i.e. PO2). 

25 Taken from a broad perspective, this embodiment of the present 

invention includes the following system components: 1) an aqueous phase, 2) 
photolytic energy to provide "charge separation" in a thin film, 3) electrical 
energy, produced from the electrons of the "charge separation" photolytic 
reaction, 4) chemical reactions driven by the photochemistry, i.e. Ht and DO 

30 generation, 5) the removal of CO2 through the generation of carbonate solids or 
fixed CO2 organic compounds, and 6) the removal of hydrogen ions and 
electrons through the hydrogenation production of useful and/or easily 
disposable compounds. 
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The invention can also use mesoporous, amorphous, nnicroporous, 
nanophased, crystalline, heterogeneous, or homogenous materials and 
coatings, and the like, alone or in combination to provide high-surface area 
active coatings to photolytically drive chemical changes, photochemical 

5 changes, electricity generation, and/or electrochemical changes in fluid streams, 
preferably adjacent to the coating/material, or, In the case of electricity, electrical 
current driven into wires attached to the coating directly, or via a electrical 
conducting intermediate material. The said fluid can be liquid or gas or sol gel 
or conducting solid or porous solid. 

10 Figure 1 shows one of the flow-through embodiments of the photolytic cell 

16 of the present invention. In this flow-through cell embodiment, the following 
main components of the photolytic cell 16 are assembled, i.e. a conductive 
coating of vacuum deposited Ti metal 36, a coating of adherent TiOa (anatase) 
32, an optional Mn02 particulate layer 34. A UV laser light 20 was shown on the 

15 transparent glass or quartz substrate 30 so to initiate the reactions. 

In this regard, the photolytic cell 16 of Figure 1 includes a transparent 
window 30 or wave guide for the entry of light energy in the form of photons 21 
from a light source 20 such as an ultraviolet laser light. On one side of the glass 
slide Is an anode conductor layer 36, such as titanium (Ti) metal film. Attached 

20 to the anode conductor layer 36, is a layer of a light activated catalyst 32 such 
as anatase (Ti02). An optional catalyst layer 34, such as manganese dioxide, is 
adjacent to the light activated catalyst layer 32. The photolytic cell 16 includes 
one or more layers of silicone gaskets or spacers 40 and an acrylic housing 42. 
A pair of anolytes 44 (in/out) is connected to the light activated catalyst layer 32 

25 or optional catalyst layer 34 and extend through the photolytic cell 1 6 away from 
the transparent window 30. The photolytic cell 16 further includes a cation 
exchange member 46, such as a NAFION® membrane from DuPont. A pair of 
catholytes 48 (In/out) is connected to the cation exchange member 46 and 
extends outwardly through the photolytic cell 16 generally away from the 

30 transparent window 30. The photolytic cell 16 further includes a cathode layer 
38, such as Pt foil, adjacent to the cation exchange member 46. The operation 
and use of this embodiment of the invention is more particularly described 
below. 
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Figure 2 Is a schematic drawing showing the electrical and chemical 
transformations which occur in the PDEC cell 16 of the apparatus 10. Electrolyte 
or anolyte 128, such as NaCI brine, NaS04, K2SO4, HCI, and the like enters the 
anode compartment 100/44 of the photolytic cell 16 through inlet 12 by way of 
5 an optional peristaltic pump 14. Light photons (hv) 21/114 generated by light 
source 20 enter through a transparent window 30 or waveguide and activate the 
light activated catalyst 32 present in photo-reactive surface 116 such as 100 pm 
Ti02 (anatase). The light activated catalyst 32 either directly converts water in 
the electrolyte 128 to dissolved oxygen or converts water to active oxygen and 

10 hydrogen ions and an optional second catalyst 34, such as manganese dioxide 
(Mn02) on a porous film, converts active oxygen (e.g. H2O2) into dissolved 
oxygen (DO), The oxygen then exits the anode compartment 1 00/44 by the way 
of outlet 13 and is pumped by an optional pump 132 to oxygen gas separator 
118. At the gas separator 118, the gaseous oxygen is provided to a confined air 

15 space 120 for usage. 

The electrons released from the conversion of water from the electrolyte 
to oxygen are collected in the collector electron anode 110. An electrical current 
formed from a battery or other source (not shown) allows the electrons to flow 
from the anode 110 to the cathode 108, such as graphite or nickel, so that the 

20 electrons do not react with the active oxygen to cause a back reaction and the 
reformation of water. 

The electrical current and electron flow can be regulated by a current 
regulator or resistor (not shown). The hydrogen ions formed from the 
conversion of water at the light activated catalyst diffuse from the anode 

25 compartment 100/44 across the optional membrane 126 to the cathode 
compartment 102/48. 

In the cathode compartment 102/48, stale air 104, which is rich in CO2 
relative to atmospheric breathing air, is contacted with i) a liquid such as brine 
containing a - keto pentose containing a catalyst typically of mixtures of 

30 Mg^VP04^ electrolyte to convert carbon dioxide into dissolved form in the liquid; 
and ii) C3 pentose obtained from stores 122 which also contains a catalyst to 
form glycerate or the equivalent. The glycerate is electrochemically reduced at 
the surface of the cathode and reacts with the hydrogen ions which previously 
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immigrated from tlie anode compartment 100 to the cathode compartment 102 
to form a hexose (Ce) sugar. The hexose sugar solution then flows out of the 
cathode compartment 102 into separator 112. In separator 112, the liquid is 
separated and then recycled 134 and the hexose sugar is placed in Ce stores 
5 1 14 or utilized as an energy source for the crew, etc. 

The various particular components and/or processes of the flow through 
PDEC cell embodiment of the present invention are described in more detail 
below: 

10 1 . Transparent Substrate or Window 30 

The transparent window 30 can be formed from glass, quartz slides, 
quartz, etc. Glass is useful in forming the transparent window provided that the 
UV transparency is adequate at the wavelength needed. Quartz slides are also 
useful because of its high UV transparency. For the transparent window, light 

15 entry into and through the transparent window can be from the back, side, or 
bottom. Edge illumination through the transparent window can optionally include 
a lens or wave guide. 

The transparent window can further include a wave guide. A wave guide 
uniformly distributes photons (hv) from the light over the surface of the light 

20 activated catalyst. Particularly, the wave guide causes the light photons to travel 
in a path so that the photons maximally contact the entire layer of the light 
activated catalyst. Light enters the wave guide in the side of the transparent 
window generally parallel to the surface of the light activated catalyst that is 
attached to the transparent window. The wave guide allows for maximal light 

25 photon contact with the light activated catalyst without directly illuminating the 
side of the entire light activated catalyst attached to the transparent window. The 
wave guide also allows form maximal photoiytic cell staking because light is not 
required to directly illuminate the light activated catalyst but rather can be 
indirectly Illuminated by side or edge entry In the transparent window. The wave 

30 guide provides additional efficiency to light used in the photoiytic cell because 
the light can be spread across the entire surface of the light activated catalyst. 



wo 2004/085708 



15 



PCT/US2003/026012 



2. Anode Conductor Layer 110 

The anode conductor layer 110 conducts electrons fornied from the 
reaction of water to oxygen out of the anode. The anode conductor layer 
prevents the electrons from reacting back with the oxygen to reform water, 
5 thereby allowing maximal formation of oxygen. The anode conductor layer is 
applied or attached to at least one side of the transparent window 30. 

The anode conductor layer 110 can be formed at least two different ways. 
The anode layer can be formed by attaching a thin film of uniform metallic 
conductor to the transparent window using vapor deposition. The film preferably 
10 has a thickness of less than about 0.2 pm. Preferably, the film is formed from 
gold or titanium. Gold remains metallic at all conditions but can be very efficient 
at UV light blockage or reflection. Titanium can be oxidized to TiOa by adding 
O2 to the deposition chamber to yield a possible catalyst layer with excellent 
adhesion. 

15 The anode conductor layer 110 can also be formed by using photo-resist 

technology. Under photo-resist technology, grids are prepared with masks using 
vapor deposition. Conductor line spacing, width and thickness optimization may 
be required to prevent excessive attenuation, and provide sufficiently close 
conductive areas to sweep electrons away from the light activated catalyst layer. 

20 

3. Catalysts 32 and 34 

A light activated catalyst 32 is coated onto the anode conductor layer. 
The light activated catalyst is photochemically activated and reacts with water to 
form dissolved oxygen or a free radical oxygen intermediate that is ultimately 

25 converted to dissolved oxygen. The term active oxygen (AO) in the present 
application defines any free radical oxygen intermediate formed in the 
photolytically catalyzed reaction of water that is ultimately converted to dissolved 
oxygen. The active oxygen formed is in the form of a peroxide, such as 
hydrogen peroxide, H2O2, or peroxide ion salt, hydroxyl free radical, super oxide 

30 ion, etc., and is converted into dissolved oxygen in the presence of a catalyst. 
The active oxygen formed depends on the light activated catalyst used. Also, 
depending on the light activated catalyst used, water may be photolytically 
converted directly into dissolved oxygen without first forming an active oxygen. 
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Several different catalysts can be employed for producing dissolved 
oxygen photochemically. One catalyst that can be used to photochemically 
produce oxygen is zinc oxide. By using zinc oxide, peroxide (H2O2) is produced 
directly from water. H2O2 is an excellent form of active oxygen for providing 
5 sufficient potential diffusion distance, and also for the disproportionate reaction 
to dissolved oxygen and water via a solid I\/In02 catalyst (similar to green plant 
O2 generation site) occurring photochemically at < 340 nm by way of metal ion 
assisted disproportionatlon with catalase and other hydroperoxidases. Zinc 
oxide film has other positive attributes including, l<nown film formation 
10 technology (e.g. via the zinc/nitrate/glycine reaction), low toxicity concerns, and 
low cost. 

An additional catalyst that can be used to photochemically produce 
dissolved oxygen is tungstate (WO3) that is exposed to visible light and using e" 
scb removal. WO3 yields oxygen (O2) directly from water without the need to first 

15 produce an active oxygen species. Oxygen is generated stoichiometrically and 
the "back reaction" is unfavored so that there is not significant competition to the 
direct formation of dissolved oxygen. Only visible light is needed to generate 
dissolved oxygen from WO3, no more than about 496 nm. WO3 films present low 
toxicity concerns. Preferably, the use of WO3 further includes the removal of 

20 excess e'scb formed during oxygen formation from water. 

Another catalyst suitable for reacting with water is Ti02 (anatase) 
irradiation with, followed by dissolved oxygen production at a metal catalyst, 
such as a Mn02 catalyst, or other similar catalyst Ti02 removes the 
efficiently from the production area in order to ultimately obtain good dissolved 

25 oxygen production and minimize any back reaction to reform reactants. The 
removal of e'scb is performed through conduction via the semi-conductor 
property of the Ti02(a) with enhancement via application of a small DC bias 
voltage. Ti02 irradiation also presents low toxicity concerns. Ti02 provides very 
high insolubility and kinetic inertness to minimize dissolution and fouling during 

30 use and maintenance. Preferably, UV light is chopped or pulsed during Ti02 
irradiation to allow time for the chemical reactions to occur since with continuous 
irradiation causes the e'scb to accumulate and force a back reaction to form 
water. A pause in the inradiation allows time for the slower, but still extremely 
fast irradiation in the range of @sec to msec to occur to occur. 



wo 2004/085708 



17 



PCT/US2003/026012 



A further catalyst for reacting with water to ultimately form dissolved 
oxygen is a semiconductor powder (SCP)-filled UVA/IS light transparent 
thermoplastic film. SCP-filled thermoplastic film is relatively inexpensive to 
manufacture and form into shape. SCP film is easily moldable, extrudable, cut 
5 and machined. SCP can be used very efficiently in surface applied only form. 
Also, SCP has low toxicity concerns. Optimized commercial products 
(conductive plastic filler powders) are available with good properties for 
dispersion, particle-to-particle electrical conductivity (for e'scb removal), and 
resistance to sloughing off that can be used with the present apparatus. 

10 The following additional preferred conditions may be used for each of the 

above-mentioned catalysts. First, an application of a small (e.g. up to a few volts 
DC) bias voltage can be applied to help ensure that the e'sch is quickly 
conducted away from the production site. Second, a chopped illumination, 
instead of a continuously applied illumination, may allow secondary chemical 

15 reactions to occur since the secondary chemical reactions are slower than the 
photochemical reactions and enhance photo yields by allowing the excited 
electrons to exit the system and not be present for regeneration of starting 
material, i.e., water. 

Of the above-mentioned catalysts, the TiOa (anatase) catalyst followed by 

20 a second metal catalyst for disproportionatlon is the most preferred- When the 
Ti02 catalyst is used, the Hght-titania interaction is the first step in the ultimate 
formation of dissolved oxygen. It is known that surface hydrated particulate TIO2 
(anatase) solid, Ti02(a) -OH2 or Ti'^02(a) -OH, is an efficient UV light (hv) 
acceptor at wave lengths <390 nm, resulting in active oxygen formation from 

25 sorbed water and hydroxy! groups. The most probable reaction is believed to be: 

Ti'^02(arOH + hv ^ Ti"'— OH * 

It is noted that other bonds to Ti have been omitted for clarity. The 
30 reactant and product of the above reaction are solid materials. In the above 
reaction, H2O is already bonded to the surface of the Ti02{a) catalyst as H2O or 
as hydroxyl ion (OH'), i-e. Ti'^02{arOH2 or Ti'^02(arOH, respectfully. Hence, no 
atoms are required to move during the very fast photon absorption process. 
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The * represents a low lying excited electronic state where the energy of the 
photon is used to transition or excite an electron from a nonbonding orbital on 
the oxygen to a molecular orbital centered on the titanium ion, hence converting 
the titanium into a trivalent oxidation state. The molecular orbital centered on the 
5 titanium ion is known to be a part of the semiconduction band ("scb"), and so the 
electron is readily conducted away from the site to form a bipolar charged grain, 
or, if connected to a closed DC electrical circuit, resulting in full charge 
separation, i.e., 

10 Ti"'— •OH* -» [Ti'v_-OHr + e-(scb)t 

If the e'scb is not conducted away or otherwise removed by reaction with 
an oxidant present in the solution, the e'scb could react with the hydroxyl free 
radical and reverse or back react so that the system would return to its original 

15 state and form water. In this latter case there would be no net reaction and the 
photolytic energy will appear as a small amount of heat. Hence the charge 
separation process and removal of e"scb is considered an important first step of 
the photolytic cell dissolved oxygen generation process. 

The hydroxyl free radical fOH) group present is used to represent the 

20 initial form of the active oxygen generated by the photolytic process. It is not 
certain that ©OH Is the dominant species present when Ti02(a) is photolyzed. 
The active oxygen formed could generally be in the form of a superoxide, 
hydrogen peroxide, or a hydroxyl free radical. However, the form of this active 
oxygen produced has sufficient thermodynamic driving force to form active 

25 oxygen from water. For the Ti02(a) catalyst at neutral pH, these highly reactive 
hydroxyl free radicals either back react as described above, or rapidly dimerize 
to form (}i-peroxo) titanium (IV) and hydrogen ions, i.e. 

Fast 

30 2Ti'^-"OH > Ti'^-0~0-Ti'^ + 2H'' 

Another way to increase the amount of dissolved oxygen production in 
the Ti02(a) system is to provide a means to speed the rate of release of the 
trapped ^-peroxide as hydrogen peroxide as to active oxygen. 



wo 2004/085708 



19 



PCT/US2003/026012 



Ti'^-O-O-Ti'v + H2O > Ti*^-0-Ti*^ + H2O2C 



:aq) 



H2O2 is an excellent fomn for the active oxygen species as it readily 
5 migrates and is easily catalyzed to disproportionate into dissolved oxygen and 
water. 



Catalyst 

2H202{aq) > 02(aq) + 2H2O 

10 fast 



Therefore, for the Ti02(a) photocatalyst to be useful, a means for releasing 
the |Li-peroxide energy is needed, such as soluble H2O2, since H2O2 can diffuse 

15 to the Mn02 for dissolved oxygen production, or by conducting the oxidizing 
power to another active oxygen form, such as SFRs In the adjacent solution that 
can be used in dissolved oxygen production, or using the Ti'^-O-O-Ti^^ content to 
electronically remove electrons from the Mn02 cluster/particle (as is done in 
green plant photosynthesis by the "D" protein). In the last means, only an 

20 electron flows from the water through the Mn02 to the jx-peroxo linkage through 
delocalized bonds. This electron replaces the e" lost from the Ti02(arOH system 
as e scb' 

The formation of H2O2 as the active oxygen is valuable since H2O2 can be 
rapidly converted to dissolved oxygen in 100 % yield using many different 
25 methods: thermally; metal ion catalysis; particulate/surface catalysis; base 
catalysis; and free radical reaction with reductant initiation. Preferably, metal ion 
catalysis, such as, Mn02(s), provides an efficient catalyst for H2O2 
disproportionation to water and O2, on thin film substrate constructs. 

Mn02(s) 

30 H2O2 > H2O + 34 02(aq) (dissolved oxygen) 

Photo catalyst systems such as zinc oxide, ZnO, release peroxide as the 
active oxygen more readily than does Ti02,. Less acidic metal ions under the 
Lewis acid/base theory definition cannot sufficiently stabilize the highly alkaline 
35 peroxide ion relative to water protonation (pKai of H2O2 is 1 1.38 (25°C)) to form 
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it within the solid phase, and so hydrogen peroxide, H2O2, is readily formed from 
ZnO: 

ZnO 

hv + 2H2O > H2O2 + 2H* + 2e\scb) 

5 

ZnO films and particles can be prepared in a number of ways with varying 
but controlled composition, morphology and porosity. For example, mirrors of 
zinc, doped zinc, and zinc alloys and can be sputtered down onto an optically 
transparent support, followed by oxidation with 02(g). This treatment produces a 

10 metal/metal oxide (Zn/ZnO) film. Another highly effective approach to 
semiconducting ZnO-based films is to utilize a process for optical glass coatings. 
(L.R. Pederson, LA. Chick, and G.J. Exarhos, U.S. Patent 4.880,772 (1989).) 
The optical glass coating technique is based on applying a zinc nitrate/glycine 
aqueous solution as a dip or spray, followed by drying (110°C for 15 min), then 

15 heating (450-500°C for 3 min) to initiate a self-oxidation reaction during which 
the carbon and nitrogen exits as gases leaving an adherent yet porous film 
bonded to the underlying surface (e.g. glass) and is referred to as the glycine 
nitrate process. (L.R. Pederson, L.A. Chick, and GJ. Exarhos, U.S. Patent 
4,880,772 (1989).) The ZnO film is nomially produced doped with alumina by 

20 including aluminum nitrate in the aqueous formulation for the initial dip. Many 
other metal ion blends are also possible with this technique. 

Tungstate only requires visible light to produce dissolved oxygen, and 
produces dissolved oxygen directly without requiring a second catalyst to form 
dissolved oxygen. The lower photon energy requirement for WO3 is due to the 

25 smaller band gap of 2.5eV versus at least 3 eV for TiOao). As with the Ti02 
anatase system, high yields are possible with the WO3 catalyst if the e"scb is 
removed. The production of O2 increases very significantly if RUO2 (ruthenium 
oxide) is placed on the surface of the WO3. This is consistent with the fact that 
RUO2 is a known good catalyst for O2 production and so represents a route to 

30 improving other approaches. 

An advantage may exist if the dissolved oxygen producing film could be a 
filled plastic. Such materials are often inexpensive and manufactured easily. 
Commercial sources exist for semi-conducting, low light absorbing, inorganic 
fillers for plastics which are supplied in ready made condition for incorporation 
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into plastics, making the plastics electrically conductive. For example, E.I. 
duPont Nemours, Inc. sells electroconductive powders (EPC) under the trade 
name ZELEC® ECP for such purposes. The conductive substance in ZELEC® 
ECP is antimony-doped tin oxide (SnOaiSb). The bulk of these materials, onto 
5 which the conductor Is coated, are familiar inorganics such as mica flakes, Ti02, 
and hollow silica shells, or ECP-M, ECP-T and ECP-S respectively. Pure 
SnOziSb -based material is designated ECP-XC and is a much smaller particle 
than the other materials. About 25-45% by weight of the ECF=* products are used 
so that the particles are sufficiently close to each other to provide Internal 

10 electrical connections throughout the othenA^lse non-conducting plastic. ECP-S 
and ECP-M normally perform best for lower concentrations. Thin films of ECP- 
XC can provide an attractive coating because they are very fine grained and 
strongly light absorbing. 

The TiOa layer can be formed a variety of ways. The Ti02 layer can be 

15 formed by sol gel, drying and baking. A product under the trademark 
LIQUICOAT® from Merck & Co., Inc., which hydrolyzes Ti(OR)4 type material in 
water to form TiOz and 4ROH can be used to form the Ti02 layer under a sol 
gel/drylng/baking process. Ti02 can also be fomied from preparing an anatase 
suspension from dry powder, then dipping, drying, and baking the suspension to 

20 form the TiOa layer. Another way the Ti02 layer can be fonmed is by e-beam 
evaporating titanium and subsequently exposing the titanium to O2 within a 
deposition chamber. The Ti02 layer can also be formed by adding titanium salt 
to water and adjusting the pH to - 2-7 to form a suspension, then dipping the 
suspension and allowing the suspension to dry. 

25 Active oxygen is created from Ti02 by irradiation with UV light, but the 

chemical form of the active oxygen is very reactive and can be lost by side 
reaction occurring in close proximity to the Ti02 particle surface where active 
oxygen is generated. There are at least three ways to minimize the loss of active 
oxygen to unwanted side reaction: 1) move the active oxygen to dissolved 

30 oxygen conversion point closer to the active oxygen generation point, i.e. move 
the metal ion catalyst as close as possible to the TIO2, which may require 
intimate contact between these two materials, in the order of angstroms; 2) 
electrically connect the two points, as Is done in photosynthesis by a protein 
capable of conducting electrons; or 3) convert the active oxygen into a longer 
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lived intermediate active oxygen species that has time to migrate to more distant 
MnOa centers for conversion to dissolved oxygen. 

The amount of active oxygen lost by side reactions can be minimized by 
introducing an active oxygen carrier molecule into the media, or "D," by analogy 
5 to a photosynthetic system. Agents for use with species D can be selected from 
two groups, those that readily form organic peroxides, and those that form 
"stable" (i.e. long-lived) free radicals. Organic peroxides are useful because 
they easily produce dissolved oxygen when contacting MnOa, and readily form 
by oxygen insertion. The organic peroxide reactions are as follows: 

10 

[Ti02]-Ti'^-0H + hv -> {[Ti02]-Ti"' "OH} 

where the excited electronic state corresponds to the ligand-to-metal charge 
transfer (free radical pair), and is followed by the reaction: 

15 

{fTiOal-Ti^*^ 'OH} + H2O -> [TiOzJ-Ti'^-OH + + 'OH 

where conduction of the e- into the semiconductor conduction band and away 
from the side of the particle near the •OH prevents recombination of that e". As 

20 shown In the reaction above, the Ti02 anatase is regenerated. The above 
reaction produces a hydrogen ion for eventual CO2 removal. Also, the active 
oxygen produced in the above reaction is in close proximity to Ti02 as a free 
radical hydroxyl groups, 'OH. 

As 'OH is extremely reactive, lasts only for a very short time and does not 

25 diffuse far. One way to increase the amount of time that 'OH is present is by 
introducing a species that stabilizes the 'OH. Similar to photosynthesis, a 
species "D" is introduced into the test system to capture the hydroxyl free radical 
in a longer lived species. The species D is generally shown the in following 
chemical reaction: 

30 

D + 'OH -> D* 



where D can be RC(0)OH: 
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RC(0)OH + •OH -> RC(=0)OOH+ •H 

organic peracid 



or Dean be R3COH: 

5 R3COH + °OH -> . R3COOH + 

Alcohol organic peroxide 

or D can be a free radical scavenger that forms a stable free radical: 

R-N=0 + ^'OH -> [R-N=Or + OH- 
IO free radical stable 

scavenger free radical 



or D can be 2,6-di-tertbutyl phenol: 

15 t-Bu-Ar-OH + 'OH -> t-Bu-Ar-O* + H20 

The 2,6-di-tertbutyl phenol is the most desired D species, as a strongly 
reducing *H radical is not formed that would consume OH" and |Ti02]-Ti"' in 
wasteful reactions, regenerate the starting materials, and result in a low 

20 photochemical yield. 

The catalyst used to convert active oxygen into dissolved oxygen 
includes metal ions capable of redox cycling, such as Fe", Fe"^ Cu', Cu", Co", 
Co*", Mn", Mn'", Mn*^, etc., or metal oxides formed from metal ions capable of 
redox cycling, such as manganese dioxide, MnOa. The present reaction 

25 produces dissolved oxygen directly from water and by-passes the gaseous 
state. The MnOz catalyst is most preferred because it forms dissolved oxygen 
efficiently and is not highly selective of the active oxygen form. 

One way to facilitate the conversion of active oxygen to O2 is by doping 
the surface of the TIO2 anatase with manganese (Mn). Surface doping the Ti02 

30 with Mn provides a highly productive active oxygen to O2 conversion catalyst. 
Active oxygen disproportionation is rapid when dropped on a Mn-doped 
anatase. Alternatively, active oxygen can also be converted to O2 by placing 
Mn02 on the surface of the anatase in conductive form. In this form, electrons 
are catalytically passed from water to the active oxygen region of the anatase. 

35 Such an arrangement more closely mimics photosynthesis O2 production. 
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Another way to convert active oxygen to O2 in the photolytic cell is by 
using a MnOa octahedral molecular sieve (MOMS) material as the dissolved 
oxygen catalyst. The MOMS material has an open gel-like structure and is 
closely related to zeolites in structure. The MOMS material is easily formed from 
5 manganese salts through precipitation and drying. 

Active oxygen may also be converted to O2 in the photolytic cell by a 
superoxide dismutase (SOD) catalyst. SOD catalyst is already available in the 
human body and can provide the required conversion of active oxygen, e.g. as 
O2', into a dissolved oxygen precursor, i.e. H2O2, to supplement the photolytic 
10 cell and Mn-doped anatase. 

Alternatively, quinone can be replaced with Fe(CN)g". The quinone or 
Fe(CN)6^" Q could be in homogeneous solution or film form, 

4. Membrane 126 

15 The cation exchange membrane 126 allows for the diffusion of cations in 

the photolytic cell. Particulariy, the cation exchange membrane allows a cation, 
such as a hydrogen ion (H^) from water to diffuse through the membrane and 
subsequently react in the catholyte. The cation exchange membrane is 
commercially available under the trademark NAFION® and is available from E.I. 

20 du Pont Memoirs Inc. NAFION® cation exchange membranes are a 
perfluorosulfonic acid/PTFE copolymer in an acidic fomri. Although NAFION® 
cation exchange membranes are the preferred membrane, one skilled in the art 
would recognize that other cation exchange membranes are also suitable in the 
photolytic cell. 

25 The anodic compartment of the photolytic cell has the following series of 

reactions: 



hv + 2H2O ''''' > "AO" + 2H* + 2e' 
AO ^"'^^ > Vz O2 + H2O 
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The two electrons formed in the anodic reaction are conducted away to 
the cathode via the anode conductor layer. The two H'*' ions are moved to a 
catholyte via a cation exchange membrane. 

In a further embodiment of the invention, where optionally used, the 
5 cation exchange membrane allows for the diffusion of cations in the photolytic 
oxygenator apparatus. Particularly, the cation exchange membrane allows a 
cation such as Na*. K*, H"", Mg^*, LI*, NH/, NFU"", CR=CH3" produced during 
the oxygen making step to diffuse through the membrane and subsequently 
form a Ce compound from either two C3 compounds or from a C5 compound and 
10 CO2. 



5. Catholyte 108 

The two hydrogen ions react with the electrochemically reduced glycerate 
in the cathode compartment 102 to produce hexose sugar (Ce) and like 
15 compositions. 

6. Light Supply 20 

The light supply is used in the photolytic cell to provide the photon energy 
necessary to activate the catalyst converting water into oxygen. The light 

20 source can be from any known light source including, but not limited to, sunlight, 
UV light, laser light, incandescent light, etc., depending on the activation 
requirement for the light activated catalyst used. 

The light source may provide a particular wavelength of light depending 
upon the catalyst used. When tungstate (WO3) is used as a light activated 

25 catalyst, the light source exposes visible light in order to activate WO3. When 
TiOz or ZnO is used as a light activated catalyst, the light source used has a 
wavelength in the UV range. 

Preferably, the light source used in the cell is a laser light The 
wavelength of laser light can be manipulated in order to attain a higher efficiency 

30 in exciting the light activated catalyst and forming active oxygen. Also, laser 
light allows the photolytic artificial lung to dissipate less overall heat. The laser 
light can be directed in a small area to energize the light activated catalyst and 
avoid contact or irradiation with other components of the cell. A particularly 
prefenred laser light that can be used to activate Ti02 is an argon laser at 364 
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nm (400 mwatts/cm^), which has a total power of about 2 watts, although other 
UV sources, including an HG arc lamp at 365 nm line, are also available. 

It is preferred that the light from the light source be evenly spread within 
the photolytic cell. The even spreading of the light from the light source allows 
for maximal excitation of the catalyst in order to convert more water into either 
active oxygen or dissolved oxygen. Along these lines, light from the light source 
can enter the photolytic cell through the transparent window from many 
positions. Light from the light source can enter directly through the transparent 
window and come into contact with the catalyst. Alternatively, light can enter the 
transparent window from a side, back, bottom, or comer position and move 
through the transparent window by a wave guide to provide photon energy and 
excite the light activated catalyst. Side entry of light into the transparent window 
of the photolytic cell occurs at about at least a 68° angle. Preferably, side entry 
of light into the transparent window occurs at an angle of from about 70° to 
about 80°. 

7. Sensors Monitoring Reaction Ciiemistry 

The apparatus can include one or more sensors that monitor the different 
chemical reactions occurring within the photolytic cell. The sensors can be used 
20 to measure for potential toxins and toxin levels. Various sensors and sensor 
systems can be used including visual observations of color changes of redox 
Indicator dyes or gas bubble formation, closed electrical current measurements 
and pH measurements, and dissolved oxygen probe analysis. Gas 
chromatography assays can also be performed. A dissolved oxygen probe can 
25 be used to test and monitor O2 generation, as dissolved oxygen, in real time. 
Also, the cell can incorporate one or more portals to insert a dissolved oxygen 
probe, CO2 probe, pH monitor, etc. in different locations if necessary. The cell 
can also Incorporate separate sampling chambers to trap gas bubbles for 
testing. These sampling chambers could also incorporate a device, such as a 
30 septum for a hypodermic needle for instance, to obtain a sample for further 
testing. One skilled in the art would recognize numerous sensors could be used 
for monitoring the reaction chemistries occurring within the photolytic cell. 

The photolytic cell can also include one or more process regulator 
devices that respond to the readings provided by the sensors. The process 
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regulator devices increase or decrease the amount of dissolved oxygen or CO2 
output, lower toxin levels, etc., depending on the requirements of the 
environment or of the photolytic cell. 

Laminar flow is minimized within the apparatus. Minimization of laminar 

5 flow is accomplished by using current commercial cells, such as electrodialysis, 
electrodeionization, etc. Commercially available cells accommodate electrodes, 
membranes, and thin liquid chambers with flow distributors, and provide good 
seals and corrosion resistance. The cells are available in lab scale units for 
process development work. A particularly preferred commercial cell is the 

10 FM01-LC device from ICI Chemicals and Polymers, Electrochemical 
Technology, Cheshire, UK. 

8- Power Source 

The power source may be a nuclear reactor, electrical generator, 
15 hydroelectric energy, solar energy, battery pack, fuel cell and the like that is 
capable of providing energy for light production. As mentioned above, light may 
be from a laser, solar or other device capable of providing light at the 
appropriate wavelengths for the PDEC cell. 

20 Modifications of the PDEC Apparatus to Avoid Hvdroaen Gas Generation 

As described previously, the PDEC technology provides for dissolved 
oxygen (DO) production at the photoanode. The electrons (e-) and hydrogen 
ions (H"*") released when dissolved oxygen is formed can be combined at the 
25 cathode to form hydrogen (H2) gas. This hydrogen gas can be collected and 
used to fuel a fuel cell, or safely vented to the atmosphere, e.g. via degassing 
tubing, etc. 

Additionally, in certain instances it is found desirable, and is a part of the 
herein described invention, that these e- and H* ions can be used to further 
30 enhance the technology by using them to produce additional useful product(s). 
As discussed in more detail below, these additional products include organic 
and inorganic carbon based products and others. When these products are 
non-gaseous, then the technology can be used to avoid the generation of H2(g), 
which is a safety and/or stealth issue in certain applications, for example in 
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maintaining the breathing atmosphere in submarines. Below follows a 
description and examples of such useful non-HaCg) products including those also 
provided by carbon dioxide sorption/fixation, provided by the invention. 

5 A. Carbon Dioxide fCOofg)] Sorption/Fixation 

As CO2 is released by animals during breathing, this gas accumulates 
within the blood and the breathing air. It is critical to remove this CO2 from blood 
to prevent acidification of the blood (acidosis), a potentially fatal situation. It is 
also critical to control CO2 levels in confined-space breathing air for the same 
10 reason. Examples of such confined spaces include submarines (military and 
research), the space shuttle, the space station, mining activities, fire fighting, 
gas warfare, germ warfare, scuba diving, and the like. 

In the current invention, CO2 is absorbed using alkalinity or by 
photoelectro-chemical reduction. For example, 
15 1. The fixation by 5-carbon sugars to make 6-carbon sugars (already 
described above) 

2. Sorption by hydroxide ions (examples include alkali and alkaline earth 
metal hydroxides, such as LiOH, NaOH, KOH, RbOH, CsOH, Mg(OH) 2, 
Sr(OH)2, Ba(OH)2. Other examples include quarternary ammonium 

20 hydroxides, such as (CH3)4N"' OH", R4N* OH (where R=alkyl, aliphatic 

alcohol, aromatic, and mixtures thereof). 

3. Reaction with carbonates (e.g. sodium carbonate, potassium carbonate, 
quarternary ammonium carbonates), where the CO2 sorption reaction is, 

CO2 + COs"^ + H2O 2HC03" 
25 Where the COa"^ can be presented as an aqueous solution and/or as an 

anion loaded onto an anion exchange resin. Such resins and solution can 
initially contain hydroxide ion (number two above). For example, where resin = 
anion exchange resin such as quarternary ammonium functlonalized crosslinked 
polystyrene or quarternary ammonium functlonalized crosslinked 
30 methylmethacrylate gels, e.g., 

Resin-NRs* OH + CO2 (gas or liquid) Resin-NRa'' HCOa". 

or 
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2Resin-NR3* OH + C02-» (Resin-NR3r2 COa'^ 
followed by, 

5 

(Resin-NRa^a COa'^ + CO2 (gas or liquid) -h> 2[Resin-NR3* HCO3"] 

The above carbonates are then reduced to non-gaseous compounds, such as 
formate ion, methanol, etc., electrochemically at an electrode using the electrons 
10 from the photolytic anode and the H+ ions from the anode, or from added acid or 
buffer. 

B. PDEC-based Hvdrogenation Production of Useful Products 

Once ribulose-type formation model compounds fix CO2 as carboxylic 

acid, or as carbonate/bicarbonate ions form in the PDEC device (see above), 
15 such compounds internally produced, or added separately, can be used to 

generate useful compounds and/or prevent the need to form H2 gas using the H**^ 

and e" produced at the photo anode, i.e. 



20 



2H- + 2e" H2 (gas) 
Such H2 Formation Alternative Examples of the invention follows: 



1 . The carboxylic acid is reduced to aldehydes and alcohols using the 
H+ ions and electrons produced from the photo-anode of the PDEC cell. For 
25 example: 

CO2 Fixation into an Organic Compound: 

CO2 + R' (as carbanion intemiediate) R'-COO" (carboxylate 
30 anion/salt or carboxylic acid (R'-COOH) 



where R -COO' represents fixed CO2. 
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Followed by, 



R'COO' + 2H'^ + 2e -» RCHO (an aldehyde) 



5 This reaction consumes the hydrogen ions and electrons produced by the 

photolysis reaction, thereby avoiding the production of H2 (g). 

To absorb even more H+ and e-, the above reaction is preferably also 
followed by, 

10 

RCHO + 2H* + 2e- RCH2OH (an alcohol) 
Numerous suitable electrochemical reductions involving 2H* and 2e" can be 
found in the following references: 

1) "Electrochemistry", Vol. 5, The Chemical Society (pub!.), Burlington 
15 House, London, England, 1975, Sr. Reporter H.R. Thirsk. 

2) Kirk-Othmer Encvclopedia of Chemical Technologv > 
"Electrochemical Processing (Organic)", Vol. 9, (1994). and 
references contained therein, 



20 2. An electrochemically reducible compound is added to sorb the H* 

ions and electrons to produce useful, or at least easily disposable 
(environmentally neutral), compounds. The preferred compounds in this role are 
also safe enough to be used in confined environments, and have a large 
capacity for H* ions and electrons. They may even be edible to provide 

25 nourishment for the crew in the confined space. For example: 

a. Trioxane [i.e. cyclic and polymeric (CH20)3, especially 1 ,3,5-trioxane 
(CAS No. 110-88-3)] 

b. Trioxane derivatives [i.e. cyclic and polymeric [cyclic (RiR2C-0)3, where 
30 R=a sugar moiety (especially edible), alkyi, aryl, combinations thereof, 

etc.] 

c. Formaldehyde, and aqueous solutions thereof 

d. Paraformaldehyde, and aqueous solutions thereof. 
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e. Non-toxic and/or edible aldehydes, especially glucose, xylose, maltose, 
e.g. d-glucose + 2H* + 2e"(cathode) d-sorbitol 

e.g. d-mannose + 2H"*' + 2e'(cathode) ^ d-sorbitol 
Reference: Chemical and Metallurgical Engineering , No 10, October 
5 1 937, p 588 by R.L. Taylor. 

f. Electrochemical reduction of carbonates, for example at a zinc cathode, 
i.e. 

CO3" + 2H* + 2e"(cathode) HCOOH (yield 100%) 
Reference: "Organic Electrode Processes", by Milton J. Allen (Reinhold 

10 PubL Co., New York, NY), 1958, p 70, including references 45 and 46 

contained therein. This reference is also a source of many other possible 
electrochemical reduction candidates that avoids releasing substantial 
amounts of H2 gas from the PDEC cell. For example, the reduction of 
benzaldehyde to benzyl alcohol: ij)CHO + 2H* + 2eXcathode) -> <|)CH20H 

15 . (p71). 

C- Carbon Dioxide Fixation by Electrochemical Capture Using Anionic 
Intermediates: 



20 



Examples of compounds that may be used, among others, to fix CO2 are 
set forth in Table I below. 
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Additional references that may be used for this invention include: 

9 Parker, E.A., and Sherlock, S., Transactions of the Electrochemical 

Society, Vol. 92 (1947) 343-368. 
o Wilson, C.L. and Kenneth, B.W., Transactions of the Electrochemical 

Society, Vol. 80 (1944) 139-150. 
« Shallenberger, R.S. and Birch, G.G., "Sugar Chemistry," The AVI 
Publishing Company, Inc, Westport, 
Connecticut, 1975. 

® Balzer, M.N. and Lund, H., "Organic Electrochemistry," Second Edition, 
Marcel Dekker, Inc, New York. 

And included references. 

15 • Allen, M.J. "Organic Electrode Processes," Reinhold Publishing Corp, 
New York, 1958. 

• Use of carbon dioxide as a trapping agent for carbanions (see "Synthetic 
Organic Electrochemistry," Albert J. Fry, Harper & Row Publishers, New 
York): reduction of diphenylacetylene in the presence of CO2 and H2 

20 yields diphenylmaleic achydridy, diphenylfumaric acid, and meso- 

diphenylsuccinic acid. 

• Electrocarboxvlation of various organic compounds including: 

o Aryl olefins 
o Acetylene 
25 o Polynuclear hydrocarbons 

o Butadiene 
o Aromatic ketones 

o a,p - unsaturated aryl and aryl-substituted alkyi ketones 

o benzalaniline 
30 o acrylonitrile 

these are reported by Tyssee, D.A. et al, Tetrahedron letters. No. 47 
(1972) 4809-4812. 
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• Radical anions of activated olefins generated at the cathode react rapidly 
with CO2 to produce succinic acid derivatives in the absence of water. 
This is described in full by Tysee, D.A. and Baizer, M.M., The Journal of 
Organic Chemistry, Vol. 39, No. 19 (1974) 2819-2823. 

5 

D. Preparation of Bflicrofabrication Structures 
3-D Cell Structure: 

10 The manner In which individual photolytic surfaces (2-D constructs) are 

organized into a 3-D network is important for achieving DO yield that meets 
human physiological needs. A 3-D cell structure may be developed using any 
number of methods including fluid dynamics modeling, l<nowledge of 
semiconductor integrated circuit thin film fabrication techniques, optics, and 

15 system electronics and fabricated as a set of nanopatterned, stacked surfaces 
(3-D construct). Although apparently complex, component arrays such as these 
are becoming increasingly common, with the appearance of "lab on a chip", 
"combinatorial chemistry", and "micro-technology chemical manufacturing" type 
devices. Such devices are derived from the evolving science of micro-fabrication 

20 (|4.FAB), and employ simple, yet robust, approaches used in the manufacture of 
integrated circuits for the semiconductor industry. Such ixFAB techniques can be 
used to produce the composite, high surface area, photolytlcally driven thin film 
coatings ("constructs") for this technology, as applied to the artificial lung device. 
Light may be distributed within the 3-D construct using micro-scale wave-guides, 

25 and optimized to provide efficient photo-induction at all UV light/photoactive 
surface interface. 

The PDEC will be utilized as a three-dimensional flow-through device. As 
mentioned above, the selection of the 3-D structure will be dependent, in part, 
on fluid dynamics modeling of fluid (blood or other process liquid) flow across 
30 the photoactive surface and within a confined space to determine the geometry 
and size. The 3-D device will contain micro-fabricated capillary mimicking 
structures/tubules to provide intimate and complete contact between the bulk 
liquid flow and the photoactive, oxygen production surfaces, as well as the 
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cathocle/C02 fixation surface. Tine width of tinese channels/tubules may vary, but 
must be at least larger than the diameter of a red blood cell (--Tpm) in the case 
of blood containing processes. The length of the tubes may also vary, and is 
dependent on the residence time required to fully oxygenate the fluid (blood). In 
5 the case of the artificial lung applications, it is anticipated that the width and 
length of the channels will be 10-1 00pm and 50-500pm, respectively. Figure 10 
includes two possible geometries for the 3-D device. 

Using micro fabrication, large surface areas are possible for the DO 
reaction surface. Additionally, the PAL 3-D device will possess numerous 

10 repeating structures. Interference lithography is the preferred method for 
fabricating periodic and quasi-periodic pattems that must be spatially coherent 
over large areas. It is a conceptually simple process where two mutually 
coherent beams interfere to produce a standing wave, which can be recorded in 
a photo-resistor. The spatial period of the standing wave can be as fine as half 

15 the wavelength of the interfering light, allowing the formation of stmctures on the 
order of 100 nm using UV light, or features as small as 30-40 nm using deep 
ultraviolet. Figures 11A - 11C show examples of nanostructures fabricated on 
silicon and polymer materials for diverse applications using variants of the 
interference photolithography technique. 

20 Any other similar fabrication processes may also be utilized. For example, 

a unique process that utilizes a sacrificial bracing material to create 3-D 
microstructures such as waveguides, polarization elements, filters, ion exchange 
membranes, and microfluldic conduits, chambers, and valves may be used. A 
structure created using this process is illustrated in Figure 12. This 

25 microfabrication technique uses traditional photolithography with an epoxy 
material and the above-mentioned sacrificial material. The fabrication process 
results in a chemically, biochemically, mechanically, and thermally stable 
material. An important advantage of this technique is the ability to create fully 
three-dimensional structures having high aspect ratios. 

30 The specific geometry of the individual tubules should be determined by 

the required durability, (bio)compatibility, and DO production rate. These 
structures may be stacked together into a space-efficient arrangement that will 
result in a compact device that is capable of a producing oxygen at a high rate. 
Again, computational modeling and conventional optics design and optimization 
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techniques will allow the creation of a stacked construct that is 
optimized/efficient in regards to both fluid flow and light transport and utilization. 

The goal of the stacking method is to obtain closely aligned surfaces 
where the photolytic reaction can take place with maximum catalytic efficiency 
5 and light utilization. The key aspect of this development will be to use directed 
laser light most efficiently within a given volume of process liquid (blood). 

The present invention Is further described with reference to several 
examples set forth below. 

10 Example 1 

In this example, oxygen Is produced and carbon dioxide Is removed from 
stale air using water, C3 or C5 compounds and photolytic energy. Referring now 
to Figure 2, a PDEC cell 16 is used for the central reaction of producing oxygen 
in the anode compartment 100 and producing a Ce compound, such as hexose 

15 sugar, from carbon dioxide in the cathode compartment 102. 

In this regard, stale air (high in CO2 and low in O2) 104 is first contacted 
with a liquid such as a recycled catholyte (e.g. aqueous phosphate with Mg^"*" 
catalyst) in gas/liquid contactor 106 to convert the carbon dioxide into dissolved 
form in the liquid, normally CO2 (aq), but could also be HCO3, H2CO3 and/or 

20 COs^". The gas/liquid contactor 106 can be in a counter flowing percolating bed, 
a micro-porous membrane, gas sparger, etc. 

The dissolved carbon dioxide catalyst, glycerate, and pentose and the 
liquid then flow into the cathode compartment 102 of the PDEC cell 16. Pentose 
can also be contained in the contacting liquid catalyst. The pentose reacts with 

25 the carbon dioxide converting it to glycerate or the equivalent. The glycerate Is 
electrochemically reduced at the surface of the cathode 1 08. The surface of the 
cathode is preferably coated with a catalyst that facilitates the hydrogenation 
reduction reaction such as Pb, Cd, Ni, Pd and the like. The reaction then uses 
the hydrogen ions that migrate across the membrane 126 from the anode 

30 compartment 1 10 to form a hexose sugar. The hexose sugar solution flows out 
of the cathode compartment 102 into a separator 112, where the liquid may be 
recycled and the hexose sugar placed in stores 114 or used as food for the 
crew, animals or microorganisms. For example the sugar-like compound, or 
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carbohydrate-like compound, or glycerate can be recovered by crystallization, 
micro-filtration, electrodeionization, and the like. 

The anode compartment 100 comprises the oxygen-producing portion of 
PDEC cell 16. Electrolyte 128 such as NaCI brine, Na2S04, K2O4, H2SO4, HCI, 
5 and the like flows into the anode compartment 100. The reaction of light 114 
with the photoactive surface 116 comprising a photolytic catalyst and a 
disproportionation catalyst generates charge separation, the positive portion of 
which reacts with the water present in the electrolyte to form oxygen and 
hydrogen ions. As mentioned above, the hydrogen ions migrate into the 

10 cathode compartment 102 for further reaction. The oxygen flows out of the 
anode compartment 100 dissolved in the electrolyte and optionally can be 
allowed to coalesce into O2 bubbles. The dissolved oxygen and/or O2 bubbles 
and brine flow to an oxygen degasser or gas permeation tube 118 where the two 
are separated. The electrolyte is recycled to the anode compartment 100 while 

15 the oxygen flows to the enclosed volume 120 for breathing by humans, animals, 
microorganisms or other uses. The oxygen may also be pressurized for later 
use. 

Example 2 

20 This example illustrates the production of oxygen and the reduction of 

CO2 through the formation of a C3 compound intermediary. Referring now to 
Figure 3, a PDEC cell 16 Is used for the central reaction of producing oxygen 
and reducing the carbon dioxide obtained from the confined space 120. Stale 
air 104 is first contacted with a liquid such as aqueous brine containing a a-keto 

25 pentose containing a catalyst typically of mixtures of Mg^*/P04^" electrolyte 
gas/liquid at contactor 106 to convert the carbon dioxide into dissolved form in 
the liquid. This contact at contactor 106 may be in a counter flowing circulating 
bed, a porous membrane, or in a percolating bed, etc. The dissolved carbon 
dioxide, e.g. now in the carbon dioxide laden electrolyte, is also contacted with 

30 the C5 pentose obtained from stores 122, also containing a catalyst, e.g. rubisco 
type enzymatic catalyst or a derivative compound for this enzyme. In this 
manner the CO2 and a-keto ribulose is converted to two C3 glycerate molecules 
at C3 formulator 124. The rubisco type reaction is discussed and disclosed in 
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reference by Garrett, Reginald et al; Biochemistry; Saunders College Pub!.; pp. 
720-721, (1995). 

The dissolved C3 compounds may then be ultra filtered to recover the 
enzyme and the filtrate flows to the cathode compartment 102 of the PDEC cell 

5 16. The enzyme fraction is recycled. The enzyme may also be immobilized on 
a solid support or as easy-to-filter gel particles for ease of recovery/separation 
by means well known in the art of immobilized enzyme. 

The surface of the cathode is preferably coated with a catalyst 124 that 
facilitates the C3 to Ce coupling reaction such as Ni, Pd, Pb, Cd, and the like to 

10 form sugar like compounds. The cathode compartment 102 typically uses an 
electro-hydrodimerization P04^ buffer at a pH of about 7 to 9 to form a hexose 
(Ce) sugar. The cathodic reaction also uses the hydrogen ions that migrate 
across the membrane 126 from anode compartment 100. The hexose sugar 
and electrolyte flow out of the cathode compartment into a separator 112, where 

15 the liquid may be recycled and the hexose sugar placed in stores 1 14 or used as 
food for the crew, animals or microorganisms. 

As in Example 1 above, the anode compartment 100 comprises the 
oxygen-producing portion of PDEC cell. Aqueous electrolyte 128 such as HSO4, 
Na2S04, NaCI brine, seawater, fermentation broth, etc. flows into the anode 

20 compartment 100. In an additional benefit of the technology, the photolytic cell 
allows improved oxygenation of aerobic and facultative aerobic fermentations 
since the fiber optics arrangements can be used to disperse the oxygen 
uniformly and prolifically. 

The reaction of light 114 with the photoactive surface 116 in the anode 

25 compartment 100 generates charge separation, the positive portion of which 
reacts with the water present in the electrolyte to form oxygen and hydrogen 
ions. As mentioned above, the hydrogen ions migrate from the anode 
compartment 100, across the membrane 126, into the cathode compartment 
102 for further reactive use. The oxygen flows out of the anode compartment 

30 100 dissolved in the electrolyte and optionally can be allowed to coalesce into 
O2 bubbles. The dissolved oxygen and/or O2 bubbles and brine flow to an 
oxygen degasser 1 1 8 or gas permeation tube where the two are separated. The 
electrolyte 128 is recycled to the anode compartment 100 while the oxygen 
flows to the enclosed volume 120 for breathing by humans, animals. 
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microorganisms or other uses. The oxygen may also be pressurized for later 
use. 

Other embodiments of the invention are illustrated in Figures 4 through 6. 
Figure 4 is a schematic of an embodiment of the invention showing details of a 
5 rubisco-catalyzed reaction used to prepare a C3 carbon intermediary for carbon 
dioxide removal. Figure 5 Is a schematic of a more detailed embodiment of the 
invention showing the rubisco catalyzed reaction and the chemical steps in 
greater detail. Moreover, Figure 6 is a schematic of another embodiment of the 
invention wherein the carbon dioxide is reacted with the pentose directly in the 
10 PDEC cell. 

Additionally, it is important to note that when the optional membrane 126 
is not used, appropriate consideration must be given to the reactions that may 
occur at the electrodes taking into consideration that mixing of components may 
occur. In some embodiments a separator that is not a cationionic membrane 
15 may used that provides attenuated movement of materials. 

Furthermore, Figures 7-9 show various embodiments of the invention 
incorporated into different environmental settings. 

While the forms of the invention herein disclosed constitute presently 
preferred embodiments, many others are possible. It is not intended herein to 
20 mention all of the possible equivalent forms or ramifications of the invention. It 
is to be understood that the terms used herein are merely descriptive, rather 
than limiting, and that various changes may be made without departing from the 
scope of the invention. 



